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LOCALIZED  CORROSION  CURRENTS  FROM  GRAPHITE/ALUMINUM 
AND  WELDED  SiC/AI  METAL  MATRIX  COMPOSITES 


INTRODUCTION 

Recent  advances  in  techniques  of  measuring  localized  currents  in  solu¬ 
tions  have  made  possible  methods  to  measure  ionic  currents  associated  with 
corrosion  microcells.  Basically,  the  new  techniques  use  vibrating  probes  to 
measure  localized  ionic  currents  with  spatial  and  current  resolutions  on  the 
order  of  15  to  20  urn  and  5nA/cm2,  respectively.  Thus,  it  is  now  possible  to 
measure  corrosion  currents  resulting  from  individual  local  cell  activity  on  a 
scale  closely  related  to  many  microstructural  features  of  materials.  This  is 
particularly  useful  for  studies  of  localized  corrosion  phenomena  such  as 
pitting  and  crevice  corrosion  and  in  studies  of  corrosion  in  composite 
materials  where  local  galvanic  effects  between  constituents  and  interfaces  may 
be  important. 

Historically,  the  vibrating  probe  techniques  were  developed  for  biologi¬ 
cal  studies1"3  but  have  recently  been  used  to  study  corrosion  phenomena.4 
Jaffe  and  his  co-workers1  developed  a  one-dimensional  vibrating  microprobe 
that  demonstrated  the  methodology.  The  microprobe  operates  by  oscillating  a 
single  electrode  along  a  line  and  measuring  the  time-varying  potential  of  the 
electrode  relative  to  a  fixed,  distant  reference  electrode.  The  vibrating 
electrode  is  usually  a  small  metal  sphere  10  urn  to  30  urn  in  diameter  which  is 
vibrated  between  two  points  typically  10  urn  to  30  ym  apart.  The  voltage  at 
the  two  extremes  of  vibration  is  measured  and  used  to  calculate  the  current 
density  component  in  the  medium  at  the  center  of  and  along  the  axis  of  vibra¬ 
tion  by  the  relation 

i  (A/cm2)  =  a  (n^cm)"1  AV  (volts)/Ar  (cm)  (1) 

where  i  is  current  density  component  parallel  to  probe  vibration,  AV  is  the 
voltage  difference  between  the  extremes  of  vibration,  Ar  is  the  vibration 
stroke,  and  a  is  the  conductivity  of  the  solution. 

The  corrosion  current  density  component  normal  to  the  surface  or  the  net 
ion  flux  crossing  the  volume  of  material  sampled  by  the  probe  at  any  specific 
region  can  be  directly  measured  by  vibrating  the  probe  normal  to  the  corroding 
surface  just  outside  the  corrosion  cell.  The  local  corrosion  current  density 
is  then  obtained  by  adjusting  for  the  field  fall -off  between  the  surface  and 
the  center  of  probe  vibration  using  an  extrapolation  procedure. 

The  electrode  achieves  high  sensitivity  by  setting  the  oscillation  at  a 
frequency,  f,  where  the  1/f  noise  is  negligible.  The  basic  principle  is  shown 
schematically  in  Fig.  1.  A  lock-in  amplifier  is  used  to  restrict  the 

Manuscript  approved  October  25, 1984. 


1 


(b) 


Fig.  1  -  A  schematic  representation  of  the  reduction  of  noise  obtained  by 
rapid  oscillation  of  the  electrode  as  compared  to  a  slower,  manual  movement  of 
the  electrode  between  two  points.  (After  Freeman,  et  al2) 


measuring  bandwidth  to  a  small  range  of  frequencies  centered  about  the  oscil¬ 
lation  frequency.  The  rapidity  of  the  movement  of  the  probe  results  in  the 
potential  being  sampled  at  two  points,  Vpj  and  Vp2  before  the  electrode  noise 
has  changed  appreciably.  This  produces  a  high  sensitivity  measurement  that  is 
several  orders  of  magnitude  more  sensitive  than  is  obtained  by  non-vibrating 
probe  methods.5 

Ishikawa  and  Isaacs4  at  the  Brookhaven  National  Laboratory  have  adapted 
the  one-dimensional  vibrating  probe  method  to  study  pitting  corrosion  of 
aluminum  alloys.  They  have  developed  a  scanning  technique  whereby  the  vibra¬ 
ting  probe  is  held  in  a  mechanical  stage  which  is  driven  by  two  stepping 
motors  arranged  to  scan  in  the  X-Y  plane  parallel  to  the  surface  of  the  speci¬ 
men.  The  probe  vibrates  in  the  Z  direction  for  measurements  of  current 
density  normal  to  the  surface  of  the  specimen.  By  applying  a  potentiodynamic 
ramp  to  the  specimen  and  measuring  the  current  response  of  the  ions  streaming 
from  active  pits,  Ishikawa  and  Isaacs  were  able  to  develop  localized 
polarization  curves  for  pits  and  surrounding  regions. 

This  study  explores  the  application  of  the  scanning  vibrating  electrode 
probe  techniques  (SVET)  to  corrosion  of  welded  silicon  carbide  whisker  rein¬ 
forced  6061  aluminum  alloy  (SiCw/6061  Al )  metal  matrix  composites  (MMC's)  and 
of  graphite  filament  reinforced  aluminum  (Gr/Al),  MMC's. 


EXPERIMENTAL 


Materials 


Three  MMC  specimens  were  studied  using  the  scanning  vibrating  electrode 
technique  (SVET).  Two  were  welded  discontinuous  SiCw/6061  A1  composite  speci¬ 
mens.  The  composite  was  obtained  from  ARCO  Metals  Inc.,  Greer,  South  Carolina 
in  the  form  of  6.35  mm  thick  rolled  plate  containing  20  v/o  F-9  SiC  whisker 
reinforcement  in  6061  aluminum  matrix.  A  micrograph  of  the  composite  material 
is  shown  in  Fig.  2.  The  plate  was  provided  in  a  nominal  T-6  temper.  Weld¬ 
ments  were  fabricated  using  methods  developed  at  Martin  Marietta  Research 
Labs.6  The  plate  was  first  degassed  in  vacuum  at  10"5  torr  at  500°C  for  24 
hours  to  remove  trapped  hydrogen  by  heat  treating  prior  to  welding.  Joining 
was  accomplished  by  gas-metal -arc  welding  (GMAC)  using  either  4043  aluminum 
alloy  or  5356  aluminum  alloy  filler  metals  to  form  the  joints.  Macrographs  of 
these  joints  showing  the  parent  composite  material,  the  heat  affected  zone 
(HAZ),  and  weld  metal  are  shown  in  Fig.  3(a  &  b). 

The  third  specimen  was  a  continuous  40  v/o  VSB-32  pitch  graphite  fiber 
aluminum  composite.  The  Gr/Al  plate  was  fabricated  by  DWA  Composite  Special¬ 
ities,  Inc.,  Chatsworth,  California  from  liquid  metal  infiltrated  (LMI) 
wire.  The  wire  was  infiltrated  with  6061  A1  alloy.  Plate  was  fabricated  by 
hot  pressing  four  plies  of  LMI  Gr/Al  wire  between  0.1  mm  face  sheets  of  1100 
A1  alloy.  The  entire  composite  plate  was  -  2mm  thick.  Corrosion  exposures 
were  performed  in  0.6N  NaCl  electrolyte  with  the  microstructure  shown  in  Fig. 
4  exposed  to  the  environment. 

Electrochemical  Measurements 


Testing  was  performed  in  open  cells  in  laboratory  air.  All  electro¬ 
chemical  measurements  were  made  using  0.6M  NaCl  electrolytes  prepared  with 
reagent  grade  chemicals  and  distilled  water.  The  solution  resistivity,  p,  was 
16  n*cm. 

The  vibrating  probe  measurements  were  performed  at  the  Brookhaven 
National  Laboratory  in  collaboration  with  H.  Isaacs.  The  test  arrangement 
consisted  of  a  modified  vibrating  electrode  probe  assembly  and  a  probe  power 
supply  from  the  Vibrating  Probe  Company,  Davis,  California.  A  Princeton 
Applied  research  Model  5204  lock-in  amplifier  and  Hewlett  Packard  9845B  mini¬ 
computer  with  a  Hewlett  Packard  2240  data  aquisition  system  were  used  to 
collect  and  analyze  data.  Mechanical  positioning  of  the  probe  in  the  X-Y 
plane  parallel  to  the  specimen  surface  was  achieved  using  a  stage  driven  by 
two  stepping  motors  under  HP9845B  computer  control. 

The  vibrating  probe  tip  was  positioned  -  0.3  mm  above  the  surface  of  the 
composite.  The  reference  electrode  was  positioned  approximately  1  cm  above 
the  surface  and  to  the  side  where  no  significant  current  densities  were 
present.  The  signal  from  the  two  electrodes  was  fed  to  the  differential 
inputs  of  the  lock-in  amplifier  and  the  quadrature  was  eliminated  by  adjusting 
the  phase  angle  to  account  for  the  time  variation  of  the  vibrating  electrode 
potential.  The  real  component  of  the  vibrating  electrode  potential  was  then 
measured  at  the  extremes  of  the  vibration  stroke  and  the  difference  in  poten¬ 
tial  was  fed  to  the  computer  to  be  processed  as  a  potential  gradient.  The 
gradient  was  then  recorded  at  predetermined  grid  points  and  mapped  using  the 
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Fig.  2  -  Micrograph  of  20v/o  F-9  Si C/6061-T6  aluminum  metal  matrix  composites 


Fig.  4  -  Microstructure  of  liquid  metal  infiltrated  Gr/Al 

composite. 


metal  matrix 


graphics  capabilities  of  the  HP9845B. 
in  reference.4 

Scanning  Electron  Microscopy 


Additional  details  of  the  SVET  appear 


Scanning  electron  microscopy  (SEM)  was  performed  in  a  Coates  and  Welter 
Quickscan  SEM.  The  specimens  were  cleaned  in  alcohol  to  remove  corrosion 
products,  but  were  not  coated  prior  to  viewing  in  the  SEM. 

RESULTS  AND  DICUSSION 

Contour  maps  of  the  local  ionic  currents  normal  to  the  corroding  Si CW/A1 
welded  with  4043  aluminum  alloy  and  welded  with  5356  aluminum  alloy  are  shown 
in  Fig.'s  5  a)  &  b)  respectively.  In  both  figures,  the  region  of  highest 
corrosion  current  density  is  shown  shaded.  Open  circuit  corrosion  potentials 
of  these  samples  were  -0.723  volts  vs.  SCE  and  -0.765  volts  vs.  SCE  for  the 
4043  and  for  the  5356  containing  specimens,  respectively.  Cross  sections  of 
these  contour  maps  in  the  X  direction  at  Y  =  2500  urn  for  the  SiC/Al-4043 
specimen  and  at  Y  =  3500  urn  for  the  Si C/ A1 -5356  specimen  are  shown  in  Fig.'s 
6  a)  and  b),  respectively.  The  location  of  the  HAZ  relative  to  the  weld  metal 
and  the  parent  MMC  is  indicated  in  the  figures. 

Comparison  of  Fig.'s  5  a)  and  b)  with  the  corresponding  macrographs  of 
Fig.'s  3  a)  and  b)  shows  the  region  of  highest  corrosion  is  roughly  associated 
with  the  location  of  the  HAZ  and  edge  effects.  This  is  to  be  expected  since 
Ahearn  and  Cook  have  shown  that  the  HAZ  contains  A1 4C3  produced  during 
welding.6  AI4C3  reacts  with  water  to  form  methane7  according  to: 


AT  4C3  +  12H20  -  4A1 ( OH ) 3  +  3CH4 


This  reaction,  along  with  other  metallurgical  variations  caused  by  the  heat  of 
welding,  leads  to  increased  degradation  of  the  HAZ  relative  to  surrounding 
areas. 


It  is  perhaps  significant  to  note  that  no  enhanced  corrosion  due  to 
crevice  corrosion  in  the  welded  specimens  appeared  in  the  contour  maps. 

Contour  maps  of  the  local  normal  ionic  current  of  the  Gr/Al  specimen  are 
shown  in  Fig.  7.  The  open  circuit  corrosion  potential  of  this  specimen  was 
-0.705  volts  vs.  SCE.  Attention  is  immediately  drawn  to  the  region  of  high 
current  density  in  the  upper  right  hand  sector  of  the  specimen  (Fig.  7  a). 
This  region  of  high  corrosion  activity  is  associated  with  the  flaws  shown  in 
the  SEM  micrographs  of  Fig.'s  8  a),  b),  and  c).  A  small  pit  (A)  and  an  unin¬ 
filtrated  region  (B)  are  connected  by  a  crack  to  form  the  flaw.  The  true 
current  density  at  the  flaw  is  higher  than  that  shown  in  Fig.  7  a)  due  to 
field  fall -off  at  the  position  of  the  measurement  from  the  source.  Since 
the  flaw  is  very  deep,  conditions  for  the  formation  of  active  localized 
corrosion  are  immediately  present.  Although  the  exact  details  of  the  corro¬ 
sion  reactions  in  the  flaws  are  not  known,  it  is  expected  that  the  ionic 
current  streaming  from  the  flaw  results  from  a  combination  of  Al+3,  Al(0H)+2, 
and  H+  ion  migration.  No  gas  was  observed  evolving  from  the  flaw  eventhough 
H2  and  CH3  gaseous  products  might  be  expected.  In  other  specimens,  however, 
gas  evolution  from  flaws  has  been  observed. 

Rapid  degradation  of  Gr/Al  composites  caused  by  flaws  of  the  type  shown 
in  Fig.'s  8  a),  b),  and  c)  have  been  observed  in  a  number  of  studies.8’12  The 
general  observations  are  that  corrosion  proceeds  preferentially  at  wire-foil, 
foil-foil,  and  wire-wire  interfaces  causing  separation  and  yielding  A1203*3H20 
corrosion  product.  The  degradation  process,  once  initiated,  proceeds  rapidly 
by  exfoliation  causing  disintegration  of  the  composite.  Disintegration  may  be 
accelerated  by  corrosion  product  wedging  at  the  flaw.  The  normal  corrosion 
reaction  in  an  open  configuration  yields,  through  a  series  of  steps,  A1  ( OH ) 3 
corrosion  product.  The  A1(0H)3  when  freshly  formed,  is  gelatinous  but  becomes 
a  white  gritty  hydrated  Bayerite  A1203*3H20  on  aging.  This  corrosion  product 
is  observed  in  copious  quantities  on  exfoliated  sheets.  AI4C3  formed  during 
consolidation  at  the  graphite/aluminum  interface  may  also  be  important  since 
the  Al4C3-H20  reaction  also  produces  A1 ( OH ) 3 .  The  process  is  exacerbated  by 
the  low  transverse  strengths  (typically  20  MPa)  in  these  materials. 
Figures  8a),  b),  and  c)  are  consistent  with  the  early  stages  of  this 
mechanism.  The  crack  is  thought  to  be  a  result  of  corrosion  product  wedging 
at  the  pit  and  at  the  uninfiltrated  region.  It  was  not  present  on  the  sample 
prior  to  exposure  to  the  corrodent. 

The  role  of  corrosion  product  wedging  in  the  early  stages  of  the 
degration  process  is,  however,  not  clear.  In  the  confined  space  of  the  flaw 
in  the  presence  of  chlorides,  the  primary  corrosion  reaction  and  the  AI4C3- 
H20  reaction  may  not  produce  A1(0H)3.  This  is  because  the  pH  decreases  in 
crevices  in  aluminum  alloys  due  to  hydrolysis  of  corrosion  products.  This 
decrease  of  pH  would  likely  retard  A1 ( OH) 3  formation,  since  the  solubility  of 
this  compound  increases  rapidly  at  pH  <~5.  The  hydrolysis  reaction  in  the 
crevice  would  produce  an  electrolyte  in  the  flaw  with  a  pH  that  was  dependent 
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Microstructures  of  Gr/Al  at  flaw  region:  a) 
and  c)  at  uninfiltrated  region 


on  flaw  geometry  (i.e.  depth  and  width).  At  the  flaw  base,  the  pH  would  be  in 
the  3.5  range,  increasing  to  the  bulk  value  of  6.5  outside  the  flaw.  Corro¬ 
sion  product  wedging  would  occur  when  the  local  chemistry  permitted  volumous 
solid  corrosion  products  to  form  in  the  flaw  cavity. 

Another  complicating  factor  is  that  the  matrix  material  may  have  a  pro¬ 
pensity  to  exfoliate  because  of  intermetallic  compound  formation  in  the  matrix 
material  during  fabrication.  Intermetallic  particles  containing  manganese, 
copper,  iron,  and  aluminum,  are  known  to  act  as  efficient  cathodic  sites  along 
anodic  corrosion  paths  and  can  lead  to  exfoliation  in  6061  A1  when  the  inter¬ 
metal  lies  are  present  in  an  appropriate  morphology. 

A  contour  map  away  from  the  flaw  is  shown  in  Fig.  7  b).  Again,  the 
pattern  is  consistent  with  the  microstructure  of  Fig  4.  Galvanic  effects 
associated  with  the  1100  aluminum  surface,  the  6061  aluminum  alloy  matrix,  and 
the  regions  of  high  graphite  content  are  readily  distinguished.  An  SEM 
micrograph  of  the  corroded  surface.  Fig.  9,  shows  corrosion  of  the  aluminum; 
however,  degradation  in  these  well  bonded  areas  is  much  less  severe. 
Comparison  of  the  magnitude  of  the  currents  from  the  flawed  region  and  the 
well  bonded  region  shows  that  the  corrosion  rate  of  the  latter  region  is  at 
least  a  factor  of  3  less  than  the  rate  near  the  flaw. 

It  is  interesting  to  note  that  net  ionic  currents  flowing  into  the  speci¬ 
men  (cathodic  currents)  were  not  detected  in  any  of  the  regions  of  the 
composite.  This  is  consistent  with  the  cathodic  reaction  being  the  reduction 
of  O2  at  cathodic  sites.  The  measured  open  circuit  potential  of  -0.705  volts 
vs.  SCE  falls  close  to  the  reversible  electrode  potential  of  the  graphite, 
indicating  that  the  graphite  electrodes  are  not  polarized.  This  also 
indicates  that  the  active  galvanic  couple  is  the  AI/O2  couple  as  would  be 
expected  in  this  system.  The  graphite  most  likely  acts  as  sites  for  the 
oxygen  reduction  reaction. 

There  are  several  limitations  to  the  vibrating  probe  technique  which 
should  be  discussed.  First,  the  spatial  resolution  of  the  SVET  is  marginal  in 
resolving  localized  corrosion  in  well  bonded  Gr/Al .  It  is,  however,  more  than 
adequate  in  detecting  corrosion  activity  at  flaws.  Secondly,  in  order  to 
obtain  quantitative  current  density  at  the  surface  of  the  sample,  an  extra¬ 
polation  procedure  to  account  for  field  fall-off  from  the  central  point  of 
measurement  to  the  surface  is  necessary.  The  procedure  for  this 
extrapolation  is  not  straightforward  because  the  extrapolation  function  is 
dependent  upon  the  source  strength  and  the  location  of  the  anodes  and  cathodes 
on  the  sample  surface.  In  the  simple  case  of  a  single  point  current  source 
(i.e.,  a  small  diameter  pit)  the  current  falls  off  as  the  inverse  square  of 
the  distance.  If  the  current  source  is  an  embedded  disk,  the  current  falls 
off  exponentially  with  the  distance.  In  the  general  case,  the  extrapolation 
function  depends  on  the  location,  size,  and  potential  of  the  anodes  and 
cathodes.  It  is,  therefore,  unlikely  that  analytical  or  finite  element 
solutions  to  obtain  extrapolation  functions  will  be  readily  available.  Thus 
an  experimental  measure  to  obtain  an  extrapolation  function  is  required  to 
obtain  quantitative  values  for  the  current  density  at  the  specimen  surface. 

Another  major  limitation  of  the  1-D  vibrating  probe  technique  is  that 
only  the  component  of  the  current  parallel  to  the  line  of  oscillation  is 
measured.  The  orientation  of  this  line  relative  to  the  surface  must  be 
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Therefore,  a  three-dimensional  spatial  representation  of  the  ionic  current  and 
the  local  value  of  the  electrolyte  conductivity  is  needed  to  obtain  a  general 
characterization  of  the  corrosion  cell.  Since  Jaffe's  probe  is  one  dimen¬ 
sional,  it  is  necessary  to  change  the  relative  orientation  of  the  probe  and 
the  sample  to  obtain  the  other  two  orthogonal  components  of  the  ionic  current. 
Experimentally,  this  is  difficult  to  accomplish,  time  consuming,  and  leads  to 
uncertainties  regarding  the  location  of  the  current  measurement.  It  can  lead 
to  errors  if  the  magnitude  or  direction  of  the  current  is  changing  with  time. 
The  method  also  does  not  measure  the  local  value  of  the  pH  or  the  local 
electrolyte  conductivity  so  bulk  measurements  must  be  used. 

CONCLUSIONS 


Scanning  vibration  electrode  techniques  (SVET)  provide  a  useful  method  to 
obtain  a  qualitative  description  of  localized  corrosion  in  composite  materials 
where  the  scale  of  the  mi crostructure  matches  the  spatial  resolution  of  the 
SVET.  The  relative  severity  of  pits  and  crevices  is  discernible  as  are 
spatial  variations  of  the  ionic  currents  associated  with  the  corrosion 
process . 

The  observations  demonstrate  that  corrosion  effects  from  metallurgical 
variations  due  to  welding  of  SiC/Al  can  be  detected  and  areas  of  accelerated 
corrosion  activity  delineated.  The  observations  of  the  corroding  Gr/Al  speci¬ 
men  imply  that  the  corrosion  rate  of  the  composite  in  the  absence  of  flaws 
would  depend  upon  the  catalytic  properties  of  the  graphite  in  promoting  or 
retarding  the  oxygen  reduction  reaction  as  well  as  the  rate  of  diffusion  of  O2 
to  the  surface.  Both  the  exchange  current  density  for  the  reaction  and  the 
Tafel  constant  would  affect  the  oxygen  reduction  reaction  rate.  Thus,  the 
corrosion  rate  in  the  absence  of  flaws  might  be  improved  by  additions  of 
poisons  to  the  fiber  to  retard  the  oxygen  reduction  reaction  on  graphite.  The 
fact  that  an  increase  in  the  anodic  current  streaming  from  the  flaws  was 
detected  indicates  that  interface  and  crevice  corrosion  is  important.  AI4C3 
formation  at  the  Gr/Al  interfaces  and  also  the  crevice  corrosion  character¬ 
istics  of  the  aluminum  matrix  alloy  may  affect  the  degradation  rate  of  the 
Gr/Al  due  to  the  exfoliation  process.  Selection  of  alloys  for  composite 
fabrication  which  are  less  susceptible  to  crevice  corrosion  and  to  Al/^ 
formation  during  consolidation  of  the  composite  are  likely  to  produce 
decreased  degradation  rates.  Improvements  in  transverse  strength  should  also 
reduce  exfoliation. 

Advances  in  the  state-of-the-art  of  SVET  would  be  achieved  with  the 
development  of  3-D  vibrating  probes. 
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